Cleaning up the nation's nuclear weapons complex remains as one of the most technologically challenging and financially costly problems facing the U.S. Department of Energy (DOE). Safety, cost, and technological challenges have often delayed progress in retrieval, processing, and final disposition of high-level waste, spent nuclear fuel, and challenging materials. Some of the issues result from the difficulty and complexity of the technological issues; others have programmatic bases, such as strategies that may provide undue focus on near-term goals or difficulty in developing and maintaining stakeholder confidence in the proposed solutions. We propose that independent basic fundamental science research addressing the full cleanup life-cycle offers an opportunity to help address these challenges by providing 1) scientific insight into the fundamental mechanisms involved in currently selected processing and disposal options, 2) a rational path to the development of alternative technologies should the primary options fail, 3) confidence that models that predict long-term performance of different disposal options are based upon the best available science, and 4) fundamental science discovery that enables transformational solutions to revolutionize the current baseline processes.
INTRODUCTION
This paper is a high-level summary of a publically available report by the authors [1] . That report contains much more detail around each of the scientific challenges the U.S. Department of Energy (DOE) faces in cleaning up the nation's high-level waste (HLW) legacy along with a much more detailed list of references.
The problem of retrieving, processing, and disposing of HLW, spent nuclear fuel, and other excess nuclear materials is nothing new. There exists published work dating to the early 1970s and, in some respects, to the 1940s in which the problems associated with HLW are discussed. It is beyond the scope of this work to review this early literature. However, DOE now has well defined processing plans for the major HLW streams, and has initiated several major construction projects to implement these plans at the Hanford, Savannah River, and Idaho sites. As well, defined waste acceptance criteria have been established for disposal facilities such as the Yucca Mountain Repository and the Waste Isolation Pilot Plant that did not previously exist. These developments have resulted is a renewed focus on resolving known technical challenges that must be overcome to achieve the cleanup objectives as well as recognition that research is needed to address challenges posed by those stream without defined processing plans.
Numerous studies by the National Research Council (NRC) [2] [3] [4] [5] [6] [7] [8] and DOE strategic planning efforts [9] [10] [11] [12] have defined the importance of the issues and articulated the need for continuing investments in research and technology development focused on supporting DOE site needs. For example, a recent multi-year program plan developed by the DOE Office of Engineering and Technology (OET) identified 122 potential research activities to reduce the technical risk and uncertainty in the department's major HLW cleanup sites [13] . These research activities were developed to address technology needs identified in the OET Roadmap [14] in the areas of Waste Storage, Waste Retrieval, Tank Closure, Pretreatment, and Stabilization. The large number of potential needs, coupled with the broad range of technological challenges spanning fundamental research to technology deployment, makes it difficult to define the precise role that basic science can play in the resolution of these issues; thus, the need for this paper.
There has been a fundamental shift in the DOE Office of Environmental Management's (EM's) mission focus and the opportunities for basic research over the last 3 years. EM was previously focused on addressing a fixed set of cleanup challenges using existing technologies. These activities were viewed as achievable with only incremental research and development (R&D) investments centered on applied modifications to meet unique aspects of the cleanup. The mission focus is now based on reducing the long-term risks and uncertainties in cleanup challenges for DOE and the nation. New challenges have been added to EM's responsibilities, both broadening the mission and increasing the mission duration. As reflected in the OET Roadmap, two new areas have been added to the issues in Waste Processing: Spent Nuclear Fuel and Challenging Materials. Addressing these new elements will require the development of new processes incorporating innovative solutions to many fundamental science challenges. In addition, the schedules for addressing several elements of the previous mission have been extended. For example, the Waste Treatment Plant at Hanford was scheduled to begin operations in 2007 and finish immobilizing HLW within 20 years. Under the current baseline, the plant will begin operations in 2019 and finish in roughly 2049. This combination of an extended mission as well as additional challenges provides significant opportunities to reduce the risk and uncertainty through basic science research.
With these factors in mind, and based on the groundwork laid by previous reports (mentioned above), we have grouped the basic science needs into four theme areas: 1) the structure and dynamics of materials and interfaces, 2) complex solution phase phenomena, 3) coupled chemical and physical processes, and 4) chemical recognition phenomena. Table I summarizes fundamental science questions within each theme area. 4, 5, 8, 10, 11, 16, 25, 28, 29, 30, 31, 35, 48 Is it possible to more accurately characterize the chemical changes that occur in slurries and solutions in real-time? 6, 7, 8, 10, 11, 15, 17, 22, 23, 26, 27, 33, 34, 39 Is it possible to develop alternative immobilization and treatment technologies that mitigate the current issues associated with longterm release? 10, 11, 18, 19, 20, 21, 22, 23, 27, 41, 42, 43, 44 Can we extend our existing kinetic and thermodynamic stability models of minerals and organic complexes over hundreds or even thousands of years? 18, 19, 20 What is the nature of the solid-water interaction in cementitious materials and associated microenvironments, and how does one predict changes over geologic timescales? 18, 19, 20, 41, 43 5, 8, 10, 11, 16, 25, 27, 28, 30, 31, 35, 38, 48 How do we predict the evolution of vapor-phase species from tank supernatants resulting from radiolysis and changing tank chemistry? 3, 7, 13, 24, 43 4, 5, 6, 8, 10, 11, 12, 13, 14, 28, 31, 32, 33, 34, 40 Can advanced computational fluid dynamics techniques predict rheological structure and the resulting rheological behavior of complex fluids under varying flow conditions? 8, 11, 12, 13, 14, 15, 26, 31, 32, 33, 47, 45, 46 Can the thixotropic rheological properties be predicted through a combination of rheological structure modeling and computational fluid dynamics under transient conditions? 11,12,13,14,15,32,33,4 5,46,47 Can the yield stress of slurries be predicted through a combination of dynamic rheological structure models and colloidal properties?
4, 5, 6, 8, 10, 11, 12, 13, 14, 28, 31, 32, 33, 34 7, 9, 18, 20, 21, 22, 23, 25, 35, 36, 37, 38, 39 What is the nature of the interactions of the components of matrix environments with target species of interest for separations and sensing? 4, 5,8,9,10,11,15,16, 17,18,19,21,23,28,29,3 7,38,41,43 Can the structure of complexes and the thermodynamics of complexation processes involving small donor molecules and ions be predicted in condensed media? 7, 9, 18, 20, 21, 22, 23, 25, 35, 36, 37, 38, 39 Can molecules and materials be designed to have predictable binding properties for target contaminant species? Can functional attributes be incorporated into the molecular design so that the designed receptors behave predictably in separations or sensing? 7, 9, 18, 20, 21, 22, 23, 25, 35, 36, 37, 38, 39 How can receptors be designed to function efficiently in different types of separation systems? 7, 9, 18, 20, 21, 22, 23, 25, 35, 36, 37, 38 
Theme Area 1: Structure and Dynamics of Materials and Interfaces
Scientific challenges associated with HLW retrieval and treatment include an improved understanding of the structure and dynamics of the materials and interfaces. This includes the wastes themselves as well as waste storage and processing equipment and the final waste forms. The waste solids are a combination of minerals and amorphous compounds ranging from crystalline saltcake waste to insoluble sludge. Compounding the composition complexity of the tank wastes is the presence of organic solvents and organic complexants used in some of the chemical separation processes at the facilities along with the radiolytic and chemical degradation of these organic compounds. The behaviors of wastes, including particle agglomeration and coalescence, foaming, and solution/vapor interactions, must be predicted and controlled during storage and processing. Challenges related to tank closure and residual waste include 1) understanding the reactivity of amorphous and crystalline solids, 2) the quantification of the long-term contaminant release from the residual waste, 3) the impact of tank filling materials and the corrosion of steel tank liners on contaminant chemistry, and 4) the fate/transport of contaminants in the environment.
A full definition of the fundamental challenges that are the basis for the use-inspired scientific questions listed in Table I is not possible in the space of this paper, and the reader is referred to the full report [1] . However, the following background on tank corrosion is given as an example of how the fundamental science questions have been developed.
While awaiting retrieval and treatment, the safe storage of HLWs in tanks is maintained through comprehensive structural integrity programs-which include corrosion-control programs, non-destructive evaluations, and fracturemechanics analyses. The corrosion-control programs were initially designed to protect the tank carbon steel in a long-term storage condition. Under this program, hydroxide and nitrite are the primary corrosion inhibitors. Nitrite is native to the tank waste as a result of the decomposition of nitrate that was added originally as nitric acid from fuel processing operations. Hydroxide in the form of NaOH is currently added to maintain alkalinity. Since any sodium added to the waste increases the eventual volume of waste that must be immobilized, minimizing these additions shortens the mission and reduces costs. The concentration of hydroxide and nitrite needed to inhibit corrosion was determined through empirical models based on coupon tests. Observed corrosion in the tanks indicates that these models significantly overpredicted corrosion rates. Also, these models are not sufficient to predict corrosion at other locations in the tank system, such as the vapor space/liquid-air interface typically occurring under thin film or pseudo-atmospheric conditions that will be discussed later in this document. This presents a fundamental question:
Question: What are the mechanisms governing corrosion of materials in contact with high-salt aqueous systems, and what are the additional effects of radiation on these materials?

Theme Area 2: Coupled Chemical and Physical Processes in Environmental Applications
Rheological behavior in slurries is dependent on a complex combination of chemical and physical parameters. Ionic strength, pH, zeta potential, solids concentration, surface chemistry, particle shape, particle-size distribution, temperature history, shear history, and time all affect the flow behavior of the slurry. These parameters change slowly during storage and dramatically during waste retrieval and processing. In a typical retrieval process, the initial tank farm slurry is retrieved with water jets and sent to the waste processing facility. The retrieved slurry feed will then be processed through several unit operations involving separations of radionuclides and non-radioactive waste components. Changes including pH, dissolved salt content, solids volume fraction, particle size, and solid/liquid chemistry occur during separations and conversion to the final waste form. These physiochemical changes shape the inter-particle colloidal forces. This theme area encompasses fundamental-science challenges associated with the modeling and better understanding of how these forces are affected by changes in these coupled chemical and physical environments.
An example of a computational science challenge in this theme area is driven by the need to predict the rheological behavior of slurries based on known or anticipated particle and solution properties. Colloidal variables govern the interaction potential between particles. The interparticle attractive forces generated by this potential often result in flocculation or coagulation. In flowing systems, the flocs can be broken down, resulting in varying rheological structure under differing flow conditions [15] . The distribution of flocs that result from the shearing forces present in flowing systems results in a system of "flow units" that govern the observed viscosity of the slurry [16] . The size, shape, and distribution of the flow units can be described as the "rheological structure" of the system. Recent advances in computational-fluid-dynamics techniques now allow for the possibility of coupling colloidal force models with the Navier Stokes equations. The aggregate size distribution can be determined by solving the population balance equation (PBE) at every computational node in the domain of interest. The Direct Quadrature Method of Moments (DQMOM) represents the evolution of the aggregate size distribution using a small number of scalar values [17] . This allows for the possibility of modeling rheological structure under different flow conditions.
Modern rheometers are now coupling microscopy and light-scattering techniques with sensitive torque and speed sensors [18] . This allows scientists to obtain quantitative data on rheological structure and the resulting fluid rheology under a wide range of shear environments. The breakdown of rheological structure under high shear conditions often results in a "shear-thinning" flow curve where the viscosity of the slurry appears to thin or lessen with increasing shear rate. Understanding this interaction between rheological structure and fluid rheology can allow for fundamental correlations between these parameters to be obtained. If these correlations are used in the computational fluid dynamics framework discussed above, the following question can be addressed:
Question: Can advanced computational-fluid-dynamics techniques predict rheological structure and the resulting rheological behavior of complex fluids under varying flow conditions?
Theme Area 3: Complex Solution Phase Phenomena in HLW Processing
Unraveling and predicting complex solution phase phenomena in both aqueous solutions and liquid glasses has been, and will continue to be, recognized as of prime importance in HLW processing. Such solution phase phenomena are fundamental to controlling the stability of the waste glasses, retrieving tank solutions, determining the leaching of tank sludges, and determining the long-term stability and corrosion of the waste tanks. They are key to developing separation strategies for radioactive and non-radioactive components. As well, the tank wastes are not in chemical equilibrium. Chemical and physical properties continue to change over time effecting storage, retrieval and processing. This theme area addresses the complex solution phase phenomena that dominates HLW behavior and the future scientific challenges needed to address HLW processing.
As an example of this theme area, one of the major science challenges centers on aqueous chemistry and the associated thermodynamics of concentrated electrolytes. Because of the near ubiquitous presence of water in virtually all HLW processing streams, the chemical behavior of dissolved solutes in aqueous solution has been a focus of process engineers and scientists, starting with the Manhattan Project and continuing today. During this time, much of the fundamental equilibrium chemistry of actinide elements, fission products, and many non-radioactive components has been elucidated, and we now know a great deal about the chemical behavior of these species in aqueous solutions over extended ranges of solution composition and temperature. This fundamental knowledge has, over the past two decades, been summarized in several thermodynamic data reviews and incorporated into predictive chemical models that have been used at all DOE HLW storage sites to analyze a wide range of issues. These issues range from HLW processing from predictions of the dissolution of waste sludges to the removal of radionuclides from process streams to line plugging in waste-transfer lines. The challenge now is to extend this successful equilibrium-based approach to non-equilibrium reactions and more extreme conditions in solvent properties. In this regard, it will be essential to address fundamental questions on the nature of solution phase reactivity.
Question: Can we predict the thermodynamics of concentrated electrolyte and mixed-solvent-electrolyte systems to very high concentrations?
Theme Area 4: Chemical Recognition Phenomena in Environmental Applications
Lehn originally defined recognition in terms of selective binding connected with some purpose [19] . Binding a guest ion or molecule enables a separation or detection, and selectivity becomes the most important characteristic of the binding interaction. In the present context, the motivating purposes entail the core environmental needs for monitoring and analysis or for decontamination of waste, equipment, buildings, soil, groundwater, etc. This theme area includes the role of chemical recognition, the design of new reagents and materials, chemical recognition in separations, sensing and analytical methods, interactions at solid interfaces, and the recognition of specific contaminant species. Significant fundamental questions have been identified for research inquiry.
One major science challenge in this area is a more complete understanding of ionic bonding. The binding agent for a target species is referred to as a receptor or host, and it will be broadly considered here to mean molecular as well as solid-phase materials. In the vein of host-guest chemistry, the target species, referred to as a guest ion or molecule, can be a contaminant of interest, most often a radionuclide ion such as 99 TcO 4 -or 137 Cs + ; a toxic metal, such as beryllium, mercury, or lead; a species that interferes with processing, such as sulfate in vitrification; or otherwise harmless species that contribute to waste volume, such as sodium and aluminum. A receptor structure whose shape and electronic characteristics are complementary to those of a guest species will bind selectively to the guest species if the binding interaction is sufficiently strong in the medium in which it occurs. The binding interactions from the receptor or host originate from collections of donor atoms held in space by a superstructure of linking groups. The superstructure may be a molecular framework constructed of all covalent bonds, but it can also involve selfassembled frameworks constructed partly from weak bonds, such as coordinative interactions, H-bonds, pi-pi stacking, and the like. If the target guest species is a cation, the donor atoms will be electron-rich ones, especially oxygen and nitrogen atoms. Likewise, anion receptors consist of an array of electropositive groups, especially hydrogen-bond (H-bond) donors and coordination sites on metal cations. Much of what is known about binding comes from research on coordination chemistry and supramolecular chemistry [19] . Still, we are not yet at the stage where the thermodynamics of ion binding can be predicted, leading to the fundamental question:
Question: Can the structure of complexes and the thermodynamics of complexation processes involving small donor molecules and ions be predicted in condensed media?
Technical Risks Facing EM As described above, the challenges facing the EM cleanup mission require investments spanning fundamental discovery-based research up to applied demonstrations and deployments of existing technology. In Table II , we identify specific risks to the EM cleanup mission that require the investments in fundamental research we identify in this paper. These risks are divided into the seven strategic initiatives defined in EM's OET Roadmap [14] . The first five of these-Waste Storage, Waste Retrieval, Tank Closure, Waste Pretreatment, and Stabilization-are under the Waste Processing Program Area. The final two initiatives-Spent Nuclear Fuel and Challenging Materials-were recently added to the Roadmap. These program areas and the identification of the associated risks are still under development. Therefore, the risks in Table II for Spent Nuclear Fuel and Challenging Materials are preliminary, and associated science questions have not yet been developed. An Initiative Development Team organized by the EM OET with staff from several national laboratories, industrial partners, and academia are working on a more complete list of risks in these two areas. 3. Reaction pathways in HLW slurries producing volatile components to mitigate the risks of headspace corrosion, tank failure, ventilation system failure, and occupational exposure 4. Effects of storage conditions and aging on morphology and surface characteristics of salt and sludge waste, including the role of water on surface chemistry, as they affect continued storage, retrieval, and processing 5. Effects of waste evaporation and blending operations on waste properties impacting retrieval, transport, and flammable gas safety basis 6. Chemical and physical processes governing gas retention and release, including submerged bubble retention and gaseous floating layers impacting flammable gas safety and general tank operations 7. Mercury compounds in waste systems and new monitoring technologies to mitigate impacts on processing and reduce personnel exposure Waste Retrieval 8. Chemical and physical properties of dried wastes, including salt heels and annular sludge needed to support retrieval and waste acceptance at treatment plants 9. Oxalic acid and other novel leaching agents interaction during heel removal to mitigate carbon steel tank corrosion and flammable gas generation rates 10. Existing mineral phases, condensation of new minerals, and co-deposition of radionuclides on metal surfaces that increase source terms 11. Chemical and physical properties of insoluble heels formed that will be generated during complex retrieval and blending operations in staging tanks to enable their eventual retrieval and disposal 12. Physical properties of the tank waste to mitigate system failures, including line plugging, pumping failures, and feed variability 13. Physical and chemical processes leading to foam, crust, and floating layer formation during retrieval to mitigate impacts on tank scaling and flammable gas safety 14. Rheological characterization of wastes as well as mixing and transport designs to support homogeneous delivery of feeds to treatment plants 15. Heel retrieval technologies and chemical models insufficient to ensure waste acceptance at treatment plants 16 . Models for saltcake draining and dissolution to predict solution chemistry, rates, dissolution methods, and radionuclide partitioning enabling the optimization of retrievalsystem designs and operation 17. Chemical properties of tank waste needed to support acceptance and process ability 
CONCLUSION
The overall intent of this paper is to foster a dialogue on how basic scientific research can assist the EM mission [12] . This paper presents an initial attempt to frame fundamental questions of importance for reducing technical risk in EM's long-term mission. As with all areas of fundamental research, this requires ongoing discussion as new discoveries are made, and new challenges are encountered. The authors encourage feedback from our colleagues in the community of scientists and engineers interested in nuclear chemistry, materials science, and associated fields. We look forward to an active dialogue on these important questions and others that may be posed.
